Studies of body volume expansion have indicated that lesions of the anteroventral third ventricle and median eminence block the release of atrial natriuretic peptide (ANP) into the circulation. Detailed analysis of the lesions showed that activation of oxytocin (OT)-ergic neurons is responsible for ANP release, and it has become clear that activation of neuronal circuitry elicits OT secretion into the circulation, activating atrial OT receptors and ANP release from the heart. Subsequently, we have uncovered the entire functional OT system in the rat and the human heart. An abundance of OT has been observed in the early development of the fetal heart, and the capacity of OT to generate cardiomyocytes (CMs) has been demonstrated in various types of stem cells. OT treatment of mesenchymal stem cells stimulates paracrine factors beneficial for cardioprotection. Cardiovascular actions of OT include: i) lowering blood pressure, ii) negative inotropic and chronotropic effects, iii) parasympathetic neuromodulation, iv) vasodilatation, v) anti-inflammatory activity, vi) antioxidant activity, and vii) metabolic effects. OT actions are mediated by nitric oxide and ANP. The beneficial actions of OT may include the increase in glucose uptake by CMs and stem cells, reduction in CM hypertrophy, oxidative stress, and mitochondrial protection of several cell types. In experimentally induced myocardial infarction in rats, continuous in vivo OT delivery improves cardiac healing and cardiac work, reduces inflammation, and stimulates angiogenesis. Because OT plays anti-inflammatory and cardioprotective roles and improves vascular and metabolic functions, it demonstrates potential for therapeutic use in various pathologic conditions.
Introduction
The demonstration of bioactivity in pituitary extracts dates back more than a hundred years. In 1895, the vasoconstrictive and hypertensive effects of pituitary extracts were demonstrated by Oliver and Schafer (1) . Sir Henry Dale (2) reported in 1906 that intravenous injection of ox posterior pituitary gland extracts into a cat caused the animal's uterus to contract. In further studies, Dale (3) extended his observations of the properties of posterior pituitary extracts and suggested that the substance acting on the smooth muscle of the uterus could also act on the smooth muscle of arteries.
Several groups (4-6) observed a wide variety of physiological effects of neurohypophysis extracts and found conclusive evidence, using fractional precipitation, of the presence of two ''active principles'', one that produced a rise in blood pressure in dogs and another that stimulated the contraction of uterine muscle in guinea pigs. The two hormones isolated were vasopressin and oxytocin (OT). Another property of OT was reported a few years later by Ott and Scott (7) who found that, in addition to its effect on the uterus, posterior pituitary extracts promoted milk flow in lactating goats by contraction of mammary myoepithelial cells during lactation. Further studies by Paton and Watson in 1912 (8) associated neurohypophysis extracts with blood pressure lowering in birds, the so-called avian depressor effect and von den Velden in 1913 (9) reported inhibition of urine excretion in humans, the antidiuretic effect. Later, it was established that neurohypophysis extracts have both pressor and antidiuretic activity (10) . These observations contrasted with other observations associating OT with depressor activity in various species, including humans (4) . The discrepancy of some results was solved after the elucidation of OT structure by Du Vigneaud et al. (11) who won the Nobel Prize in 1955. This led to investigations of the biological activity of purified OT. Interestingly, Du Vigneaud's research (12) on OT was stimulated by investigations of disulfide groups in the structure of insulin. Remarkably, new evidence associates OT with regulation of obesity and diabetes (13) , conditions attributed to insulin resistance and insulin deficiency.
Discovery of the OT system in the heart
OT is largely synthesized in the supraoptic and paraventricular nuclei of the hypothalamus, with direct OT projections to the dorsal brain stem, a crucial region for cardiovascular regulation (14) . In fact, lowered OT expression in the hypothalamus was reported in spontaneously hypertensive rats (15) , and a decrease in OT mRNA was correlated with development of hypertension in those animals (16) . The background for discovery of OT in the cardiovascular system was created by experiments on atrial natriuretic peptide (ANP) released into the circulation during experimental blood volume expansion (BVE).
The existence of natriuretic peptide was demonstrated in 1981 by de Bold et al. (17) who showed that the heart is the site of the synthesis of a potent diuretic and natriuretic hormone. Immersion in water most probably increases venous return to the heart and dilates the atria, which is followed by increased release of ANP and diuresis. Later studies showed the presence of ANP in other organs including the brain.
Initial experiments demonstrated that ANP inhibits sodium chloride and water intake, since injection of ANP into the third ventricle (3V) caused a reduction in dehydration-induced drinking and also the drinking of salt solution by salt-depleted rats (18) . This indicated the role of brain ANP neurons in producing natriuresis following stimulation of the anterioventral 3V region. The introduction of carbachol in this region caused natriuresis accompanied by a strong increase in plasma ANP concentration and accumulation of the peptide in the medial basal hypothalamus, neurohypophysis, and anterior pituitary gland (19) . This suggested that the natriuresis that resulted was brought about, at least in part, by the release of ANP from the brain.
A proposed alternative mechanism was that neural control of electrolyte secretion might be mediated by hypothalamic hormones from the neurohypophysis responsible for ANP release from the heart and subsequent diuresis. The experiments were performed in rats with BVE, the most effective stimuli of ANP efflux. Hypophysectomy and posterior lobectomy completely inhibited the ANP responses to BVE, indicating that a factor originating in the posterior hypophysis is responsible for ANP release (20) and revealing that diuresis and natriuresis, as well as the release of ANP, do not occur in neurohypophysectomized animals. This indicated that a posterior pituitary hormone is responsible for ANP release and, subsequently, diuresis and natriuresis. Further studies showed the role of OT in ANP release. Injection (ip or iv) of OT into rats not only increased sodium excretion but concomitantly elevated plasma ANP (21, 22) . Thus, it became clear that, during BVE, activation of the neuronal circuitry elicits OT secretion into the circulation, where it reaches the atria and activates atrial OT receptors (OTR) and ANP release from the heart. OT releases ANP, in the absence of a central regulatory influence, from isolated atria and during heart perfusion. Therefore, the intracardiac OT stimulating ANP release may be at least in part responsible for the control of cardiovascular homeostasis (23, 24) .
OT in the cardiovascular system
Oxytocin action and signaling are mediated by OTRs, which are present in both the heart and large vessels (24) (25) (26) . OTRs have been cloned and sequenced and have been found in many other tissues as well. OTRs are members of a subclass of G-protein-coupled receptors (27) , and OTRs transduce signaling via Glq subunits to activate phospholipase Cb and mitogen-activated protein kinase in uterine cells. The size of OTRs in rat heart appears to be identical to those in the uterus and other organs (24) . The presence of OTRs in rat and human hearts was detected by reverse transcription-polymerase chain reaction and by in situ hybridization and autoradiography of atrial and ventricular sections, and was confirmed by competitive binding assay (24, 28) . A specific OT transcript has been detected in all heart chambers by amplification of rat cDNA by polymerase chain reaction. OTR mRNA content in the heart is about 10 times lower than in the uterus. Immunocytochemical localization of OTR shows the most prominent staining in postnatal cardiomyocytes (CMs) and declines with age to low levels in the adult heart. OTR downregulation was confirmed at the protein level by Western blot analysis. Interestingly, the cardiac OT/OTR system in the fetal heart was upregulated by retinoic acid, a well-recognized major cardiomyogen (29) .
The functionality of heart OTRs was demonstrated by the ability of OT to release ANP from isolated perfused rat heart (25) as well as from cardiomyocytes in culture ( Figure 1 ). The presence of an OT antagonist in heart perfusion medium decreased not only OT-stimulated ANP release, but also basal release, indicating that the heart is a site of OT synthesis and supports the hypothesis that these effects could be physiologically relevant.
The highest OT concentration, as measured by radioimmunoassay, was found in the right atrium and was comparable with OT content in the hypothalamus (25) ; the lowest levels in the heart were found in the ventricles. Amplified fragments of OT genes from the rat heart were identical in size to those in the uterus. Depending on the coupling to distinct G-proteins, cell type, and their location on cellular membranes, OTRs stimulate different second messengers, inducing various physiological effects (30) . The signal elicited upon OT binding to its receptor stimulates phospholipase Cb, resulting in inositol-3-phosphate (IP3) and diacylglycerol (DAG) generation. IP3 stimulates Ca 2+ + release from intracellular stores, and DAG activates protein kinase C, which signals via pro-survival extracellular regulated kinases 1 and 2 (ERK1/2), and other downstream targets. As demonstrated in Figure 2 , intracellular Ca 2+ + mobilization induced by OT action has many effects, including ANP release from CMs (24) . Incubation of cells with physiological levels of OT has been shown to protect against oxidative stress and to reduce H 2 O 2 -stimulated NADPH-dependent superoxide activity in vascular cells, monocytes, and macrophages (31) . It has also been shown that OT promotes the migration of human dermal endothelial cells (ECs), breast-derived ECs, and human umbilical vein ECs (32) . The pro-migratory effect of OT requires OTR activation of the phosphatidylinositol-3-kinase (PI3K)/Akt/endothelial nitric oxide (NO) synthase (eNOS) pathway (32) . Moreover, OT increases proliferation of mesenchymal cells and alters gene expression of endothelial markers, adhesion molecules, and matrix metalloproteinases, contributing to improved cell motility and growth (33) . We have demonstrated that PI3K is involved in OT-stimulated glucose uptake in CMs (34) . Furthermore, the results supported the involvement of the calcium-calmodulin kinase kinase (Ca-CAMKK) and 59 AMP-activated protein kinase (AMPK) pathways, because the respective inhibitors of these enzymes, STO-609 and compound C, blocked stimulated glucose uptake in CMs (34) . Correspondingly, in a rabbit model of myocardial infarction (MI), OT induced cardioprotective gene products such as phosphorylated forms of Akt (i.e., protein kinase B), signal transducer and activator of transcription 3 (STAT3), ERK, matrix metalloproteinase (MMP)-1, and eNOS (35) . In the rat heart, an angiogenic and antiapototic OT effect was indicated by vascular endothelial growth factor (VEGF) and B-cell lymphoma (Bcl)-2 protein upregulation in association with increased CD31 + microvessels (36, 37) .
OT as cardiomyogenic factor
CM differentiation in early cardiac development is evidenced by the appearance of spontaneous and rhythmic beating, positive staining for cardiac a-actin, and significant expression of mRNAs encoding cardiacspecific markers including zinc-finger GATA-4 and Nkx2.5 transcription factors, cardiac b-myosin heavy chain, and ANP. Observation of the highest activation of the heart OT system in fetal and newborn heart, at the stage of intense hyperplasia (29) , suggested the role of OT in the heart as a growth and development or maturation factor. We tested the hypothesis that OT may play a role in cell differentiation. Indeed, initial experiments using mouse embryonic carcinoma P19 cells, a standard stem cell model for studying CM differentiation, demonstrated that OT induced the formation of functional CMs (38) . Since this first study showing that OT induces cardiac differentiation, several reports confirmed OT-stimulated cardiomyogenesis in several lines of embryonic stem cells including somatic stem cells (Sca-1), isolated from adult mouse and rat hearts (39, 40) , and cardiac stem cell progenitors identified by side population analysis. Therefore, OT has been established as a naturally occurring cardiomorphogen.
In the cardiovascular system, OTR is associated with ANP-cGMP and NO-cGMP systems. Accumulating evidence indicates that NO is essential for cell differentiation. Inhibition of the NO pathway reduces the number of beating cell colonies as well as transcripts of Nkx2.5, MEF2c, and genes of contractile proteins.
Less pronounced is the inhibition of GATA-4 and ANP genes. These findings show that OT-mediated signaling is physiologically relevant in the formation of new CMs.
Cardioprotective action of OT
Elucidation of the cellular effects of conditioning and protection from death has revealed a key role for certain key signaling pathways in cardioprotection, and these same pathways have been shown to be stimulated by OTR signaling in cardiac cells. 
OT and OTR
The expression of OT and its receptor was strongly induced both in the heart and hypothalamus of ovariectomized and sham-operated rats following exercise training, indicating a possible involvement of OT in the cardioprotective effects of exercise (41) . In contrast, OTR was downregulated by 40-50% in the injured left ventricle of mice (42) and rats (36) following MI. The lowering of OTR expression points to the possibility that myocardial injury is accelerated by a deficit of OTR in the heart. We have also observed that OTR downregulation following MI could be reversed by administration of OT (25-125 ng?kg
, sc) before the onset of ischemia and during 1 week of reperfusion in a rat model of MI (36) . Interestingly, the experiments of Alizadeh et al. (43) in isolated, perfused hearts demonstrated that the protective effects of ischemic preconditioning (IPC) were eliminated by administration of an antagonist specific to OTR at the start of IPC, suggesting a possible role for endogenous OT in cardiac ischemic preconditioning. OT also influences injured cardiac function via a central mechanism. Experiments by Wsol et al. (44) demonstrated that icv administration of an OT antagonist significantly enhanced the pressor and tachycardic responses to stress only in shamoperated rats, whereas OT significantly attenuated both responses in infarcted but not in sham-operated rats. Further studies revealed links between social behavior, OT, and autonomic cardiovascular control, which raises the possibility that OT may be part of the mechanism through which social behavior affects cardiovascular health. Socially isolated ApoE -/--mice treated with OT displayed significantly less atherosclerosis in the thoracic aorta than saline-treated controls (45) . Furthermore, electrophysiological studies demonstrated that intranasal OT administration to healthy university-age (20-25 years old) participants produced significant increases in both sympathetic and parasympathetic autonomic cardiac control, and the effects of OT on cardiac autonomic control were significantly associated with loneliness ratings (46) .
ANP
OT stimulates the release of ANP, a known cardioprotective hormone, from isolated, perfused rat heart by an OTR-mediated mechanism (23, 24) . ANP is an established cardioprotective agent; it inhibits the release of renin, inhibits aldosterone synthesis, inhibits sympathetic nerve activity, ameliorates endothelial function, and decreases fibrosis, inflammation, and apoptosis in myocytes that are associated with left ventricle (LV) remodeling (47) . ANP has been reported to accelerate NO generation, which mediates late preconditioning. Furthermore, ANP activates reperfusion injury salvage kinase, which has been shown to mediate ischemic preconditioning and postconditioning. In several studies with a reperfusion model in vivo, ANP showed inhibition of the occurrence of reperfusion arrhythmia, preservation of ATP content in the ischemic myocardium, and inhibition of neutrophil-induced endothelial cytotoxity (48) .
NO
OT was also shown to have transient negative inotropic and chronotropic effects on perfused isolated dog right atria in a mechanism independent of ANP release and mediated by NO production and acetylcholine release at cardiac parasympathetic postganglionic neurons (49) . Exogenous OT administration has direct negative chronotropic effects (50) . Slowing of the heart rate leads to a decrease in myocardial consumption of oxygen and nutrients, and an increase in subendocardial blood flow per beat that may improve regional contractile function (50) . Moreover, Ondrejcakova et al. (50) showed that, in isolated rat hearts, a 25-min perfusion with OT preceding an ischemic insult reduced infarct size by 66% compared with control hearts. They observed that the elimination of a negative chronotropic effect of OT through electrical stimulation reduced its cardioprotective action. We have already demonstrated that OT treatment of infarcted rats induced eNOS production, normalized ANP mRNA expression in the scar area, and had proproliferative, anti-apoptotic, and anti-fibrotic effects on injured hearts (36) . Corresponding results were reported by Kobayashi et al. (35) , who demonstrated in a rabbit model of MI, that daily OT treatments (10 mg/kg, sc) immediately following reperfusion significantly reduced infarct size, had pro-angiogenic and anti-fibrotic effects, and increased the activation of pro-survival kinases Akt, ERK1/2, and STAT3, as well as eNOS. Anti-apoptotic Bcl-2 was upregulated in the ischemic myocardium following OT treatment, indicating potential anti-apoptotic effects. Interestingly, Akt, ERK, eNOS, and STAT3 have all been previously shown to be mediators of cardiac pre-and post-conditioning (51) . Likewise, we demonstrated that OT increases glucose uptake in CMs via the PI3K/Akt/ eNOS pathway (23) . Ca-CAMKK-AMPK pathways were also stimulated in OT-activated CMs. The activation of AMPK in the heart following ischemia and reperfusion is recognized as cardioprotective, because AMPK limits apoptosis and suppresses cardiac pathological hypertrophy (52).
Mitochondria and oxidative stress
We have reported that OT treatment of CMs potentiates the glucose uptake effect of 2,4-dinitrophenol, an uncoupler of oxidative phosphorylation targeting mitochondria (34) . Recent research by Alizadeh et al. (43) on isolated, perfused heart showed that the infarct size reduction in the anesthetized rat heart induced by a pretreatment with OT 25 min prior to ischemia was abrogated by a selective mitochondrial K ATP (mitoK ATP ) channel blocker and mitochondrial permeability transition pore (mPTP) opener, suggesting that the cardioprotective effect of OT is caused by mitoK ATP channel activation and mPTP blockade. This mechanism has been proposed as the major end-effector of cardioprotective ischemic preand post-conditioning (53) . In a study by Das and Sarkar (54) , the infarct size-reducing and anti-arrhythmic effects of OT were achieved via selective activation of OTR, CM mitoK ATP channels, and NO. The NO contribution suggests the role of cGMP and protein kinase G (PKG) in OT effects on mitochondria. Indeed, PKG inhibits the opening of mPTP through the prolongation of intracellular acidosis, resulting in Ca 2+ + normalization and prevention of hypercontracture (51) .
In ischemic conditions, dysfunction in mitochondrial respiration may increase the formation of reactive oxygen species (ROS), and NADPH oxidase generates ROS in the cytosol of cells subjected to ischemic insult (55) . New evidence shows that OT protects against ROS. It was demonstrated in cultured human vascular cells that OT decreases NADPH-dependent superoxide activity via a mechanism involving OTR (31) . Similarly, in mesenchymal cells (MSC) treated with OT, increased phosphorylated Akt colocalized with mitochondria, modulated mitochondrial oxidative phosphorylation, and reduced mitochondrial apoptosis (33) . The functional analysis of OT-stimulated MSC demonstrated increased cellular proliferation, glucose uptake, cell protection against cytotoxic and apoptotic effects of hypoxia and serum deprivation, and cellular migration. OT improved the paracrine potential of MSC, as demonstrated by increased expression of genes with angiogenic, antiapoptotic, and cardiac anti-remodeling functions and by protection against apoptosis of CMs in coculture (33) .
Anti-inflammatory action of OT
A large body of evidence suggests a regulatory role of OT during immune and inflammatory responses in animal models. OT is synthesized by thymic epithelial cells from different species (56) , and each of the major T cell subsets (CD4 + , CD8 + , and gamma delta + ) express OTR (57) . The binding of OT to OTR on pre-T cells induces a rapid phosphorylation of focal adhesion-related kinases (58) . This could play a major role in the promotion of ''immunological synapses'' between immature T lymphocytes and antigen-presenting cells, as observed in studies where OTR is expressed in mouse macrophages.
Moreover, OT affects NO and cytokine production by sepsis-sensitized macrophages (59) . Indeed, OT displays anti-inflammatory effects, abolishes the sepsis-induced increase in tumor necrosis factor (TNF)-a, and protects against multiple organ damage ( [60] [61] [62] . OT-deficient mice exhibit increased stress responses associated with a significant hyperactivation of the hypothalamic-pituitaryadrenal (HPA) axis (63) . It has also been reported that OT was found to decrease interleukin (IL)-6 secretion from macrophages and endothelial cells in a dose-dependent manner, and to attenuate superoxide production in aortic endothelial and smooth muscle cells, monocytes, and macrophages (31) .
OT has an anti-inflammatory pathway in atherosclerosis. In vivo chronic OT infusion in Apo-E knockout mice attenuated aortic atherosclerosis and inhibited the secretion of the pro-inflammatory cytokine IL-6 in visceral adipose tissue (45) . OT infusion attenuated thoracic aortic atherosclerosis and plasma C-reactive protein (CRP), and may affect inflammatory cytokine expression in adipose tissue in an animal model of dyslipidemia and atherosclerosis, the Watanabe heritable hyperlipidemic rabbit (31) . The fact that OT influences both macrophages and adipose tissue, which are not specific to the cardiovascular system, suggests that peripheral OT may have widespread effects on inflammation and disease in other tissues.
MI is recognized as a definitive factor for amplification of an excessive and inappropriate inflammatory response (64) . There is evidence that OT modulates the inflammation associated with MI. We have shown that treatment with OT reduced the expression of pro-inflammatory cytokines (TNF-a, IL-1b, and IL-6) produced by MI back to the levels seen in sham-operated rats; OT also reduced immune cell infiltration including T lymphocytes, macrophages, and especially neutrophils (36, 65) . During myocardial ischemia, myocardial TNF-a concentration is rapidly increased and contributes to the development of contractile dysfunction (66) . IL-1b and TNF-a reduce ATP production, probably due to the induction of oxidative stress, and thereby myocardial oxygen consumption (67) . OT treatment can compensate ATP shortages by stimulating enhanced glucose uptake in CMs (34) . Our data also suggest that improvement of cardiac contractile function in response to OT treatment is associated with reduced TNF-a expression in the injured myocardium (36) . Furthermore, OT infusion has been shown to stimulate transforming growth factor (TGF)-b expression in injured heart tissue (36), pointing to improvement of LV function (68) as well as beneficial effects such as reduced apoptosis and increased cell proliferation (69) . Enhanced TGF-b can activate CM differentiation from cardiac stem cells (70) . OT can also stimulate anti-inflammatory IL-10 mRNA in LV scars (36) , and because the mRNA from the infarct zone largely derives from nonmuscle cells invading the site of injury, it is possible that the changes to cytokine mRNA in the infarct are due to the effects on the inflammatory cells in the region.
OT extended forms
OT precursor, synthesized in hypothalamic nuclei during post-translational processing, is enzymatically cleaved to yield neurophysin and an extended form OT with three C-terminal amino acids, i.e., OT-Gly-Lys-Arg (or OT-GKR), which is further cleaved by various convertases and amidated to a nine amino acid active peptide OT and two intermediate forms, OT-Gly-Lys and OT-Gly. Recently these extended forms attracted attention, because it was discovered that, in autistic children, although plasma OT was decreased in comparison to normal subjects, the extended forms were increased. The deficit in processing of the extended forms in patients with autism might be implicated in the development of this syndrome (71) . We have found an abundant expression of these intermediate forms in the developing heart and investigated the possible implication of these forms in cardiac differentiation of embryonic stem cells. Indeed, OT-GKR has potent OTR-mediated cardiomyogenic activity (72) , and to understand better these mechanisms of OT-GKR, an embryonic stem cell line overexpressing this elongated form of OT was generated. Increased spontaneous beating of these cells was observed, and this was accompanied by elevated expression of GATA-4 and myosin light chain (MLC)-2v, indicating induction of embryonic stem cell cardiomyogenesis by OT-GKR. Furthermore, there is evidence that OT-GKR modifies cardiac differentiation toward a ventricular sublineage. OT-GKR increases glucose uptake in isolated neonatal and adult CMs and progenitor cells expressing ATPbinding cassette efflux transporter G2, under physiological conditions and during metabolic stress such as hypoxia, indicating the role of OT in maintenance of cardiac function and cell survival (34) . Furthermore, mesenchymal cells transfected with OT-GKR or preconditioned with OT are resistant to apoptosis and express endothelial markers (33) . These results are evidence of the bioactivity of the longest intermediate OT precursor OT-GKR in both normal physiological and pathological conditions.
Summary
The results presented here update our previous analyses of the functional OT system in rat heart and vasculature (73) (74) (75) . New findings support the concept that local OT production in the heart is physiologically relevant. It is conceivable that ANP released through the activation of OTR slows the heart by inducing a negative chronotropic effect. Early studies also established that OT and ANP act in concert to control body fluid and cardiovascular homeostasis. OT involvement in cardiac glucose uptake, inhibition of inflammation, and effects on mitochondria are consistent with the role of OT in cardioprotection. In pathological conditions such as cardiac ischemia and diabetes, OT can be used to stimulate production of lost cardiac cells. The advantage of this therapy is supported by the fact that OT is endogenously produced in the organism, and does not have significant side effects. Moreover, it is now possible to transplant autologous stem cells after previous stimulation with OT inducers, as in the case of a heart infarct. Alternatively, direct treatment with OT molecules could promote cardiomyogenesis in situ and regeneration of a damaged heart.
